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The chemical reactions
engine cylinder Wrrels and
cmmmnly found in l?l.bricant

S-(J+:pLQy

between steel of a type used in aircraf’t-
cmpcmnds cmtaining reactive groLlps
additives were +avesti.gated. The products

fmmxi ~y reactim at tmparat.ures froa 490° to 656= F were ~lyzed
by reflection elect?on cii~fraction. The principal corrosive action
found was caused by oxygen cazzieri‘inthe ~eactant as dissolved afr
or dissolved moisture. Additive reactivities were &n agreemnt with
predictions based on kmwledge O? the chenical reactivity cf tha
gYcups and linkages tested. Yhe react:on Fmduct could be identified
when complication of the diffraction pattemzs %X oxides of iron was
eltiinated. Cmpound formation observed in this invmtigation
su~pwts tidetkeory of boundaq-lubricant additive act:on, k$ich
states that additLves form corqmuids of lcw shear stren@ia at metal
surfaces and prevent setzwe emd ‘highabrasive wear when m fluid
film is pesen.t.

INTRODUCTION

A review of the work already done in the field of lubrication
of bearings under high loa~s indicates that a study Gf tlfiechemical
reactions between steel and l~bricant addittves would be of value
in future conslderatims ~f the use of atiditive-cmtaininq oiis in
hip~-output aircraft enginee. ~~e~lsand S~ut~c@e (reference 1)

fiwst suggested the possibility of decrmsing the frictim of
bemings opcmat:~ mier cmditions of low speed and hf~k load where
a thick fluld lubricant film canmt be ma+~tainud. For thoso
conditions of’Iuhi-lcatim - genoually temed ‘%ounhry conditions” -
the addition of fatty acids to tirmral oils was found to bo an
effective Zletliodof roiiucingccefficimts of :ricticn (reference 1).
Investigations ty Mr Wtlliem Earty (reSerence 2), LmgmLr
(reference 3), Beeck (reference4), and ?acus, Colenan, and Roess
(refe~-ence5) ‘ha~edencmtrated that suck lcnG-chain polar-ccx=pwnd
additives aid lubuicatim by promcti~ the ?iaintenanceof admrbed
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films of additive at the bearing surface. The interaction between
additive and surface 3.sentirely physical until temperatures and
?jressurosat bearing surfaces become extreme (references4, 6, 7, 8,
and 9).

For the prevention ofwear at hearing surfaces under exti-e~
boundary conditions, I!eeck,Givens, and Williams (reference 10)
have found that long-chain polar coulpoundsadded to oils were
relatively inetfectzve. Their work has led to the use of addition
a~ents similar to tricresyl phosphate, which im~art a high polish
to a metal surface. The chemical experiments described in refer-
ence 10 showed that long-chain polar compounds together with these
chemical polishing agents reduced wear by a factor of 2. The
investigators~ropoeed the theory that chemical polishing agents,
such as they have worked with} react at the high temperature of a
bearing under boundary conditions to form, by corrosive action and
subsequent reduction by carbon, a metallic compound capable of
alloyi~ with the bearing surfaoe; these conpo’mds lower the surface
melting point toward the eutectic temperature and thereby enable
the surface to become polished. When the learing surface is
polished, its running temperature is lowered and the corrosive
action of tlie polishing agent becomos negligible. Beeck (reference 4)
states that the action of extreme-pressure additives in oils differs
from the acticm of chemical polishing agents h that the extreme-
pressure additives produce abrasive nonmetallic surfaco layers that
prevent welding of the beaui~ metals when the lubricant film breaks
do~m. A more general theory of boundary-lubricantadditive action
states that, when no fluid lubricant fi~ can be maintained between
the rubbing s~.vrfaces,additives prevent seizure and high wear of
bearing surface8 by reacting chemically with the bearing metal to
form an easily sheared nonmetallic layer on the surface (reference 21).

a

*

c

Davey (referenco 12) has investigatedthe reduction of friction
at extremo pressure by use of oils containing reactive sulfur or
chlorinated couqmunds and has concluded that a chemical reaction is the
source of their properties. This conclusion ?.swell supported In the
case of chlorine compounds by tests of load-carrying capacity (refer-
ence 13). The ability of a lubricant to carry higher loads was
found to be associated with the chemical reactivity of the chlcrine
m the compound used as the additive. The reactivity w~s changed
by changing the nature of the ~rcqs attached to the carbon bearing
the chlorine. The load-carzving capacities of the lubricants could
be predicted from theoretical knowledge of the chemical behavior of
the chlorine compound thus formed.

.
In a study of cutting fluids

and the chemical and yhysical basis for their actionj Shaw (refer-
ence 14) has presented uvi~ence at chemical reaction betwwn cutting *
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fluids ~imtlar to bound=~y-lubricant additives and aluminum The
surface ccmpounds, which would be produced by chemical reactions
3etweea metals and the additive-type reagents that these workers
tested, are normmtallic and of lower shear strength than the mtal
itse~fi.

The effect of the surrounding atmosphere on lubrication
phenomena seems to be of great iqortancej altiaoughno investigation
hRs been conducted to detemine the basic reactions between lubricant,
bearing surfaces, and atmosphere. Shard, Russell, ed Nelson (refer-
ence 15) have investigated the reactims between bearing surfaces
and oils or additives containing lead and Sulf-ur. Oils containing
acttve sulfur reacted with steel giving y-FeC~ (rust), hydrated

‘ron ‘=de’ d ‘e304” Oils compounded with lead r=phthenate alone

gave PbS04 and unidentified patterns (one of which night be a
form of FeS). Lead naphthenate and sulfur together reacted to give
?bS04 and PM; the l?bS04 formed first, apparently because of
oxygen dissolved in the oil. The base oils gave y-Fe203 and an

unidentified pattern. (This pattern also ~ight be a form M FeS).
S3mard, Russell, and Naleon (reference 15) conclude that the effect
ot the oils appears to be limited to thei~ action as oxygen carriers
or to possible interaction with the addition agents. Kinetic-friction
tests by Gilson (reference 16) showed that the coefficient of friction
of a lU-DriCatedbearing decreased In going from an evacuated space
abcut the beartng to an atmosphere of air and decreased further when
the atisphere was changed to oxygen. The caeff?icientof friction
in h@rogenwas higher than in air; Addition of moisture to the
~tirogen decreased the coefficient of frictton. Bowden, Leben, and
‘labor(reference 17) found that the motion of a steel slider on a
steel plate changed frm %ticlc-slip”to smooth sliding after the
system was heated in an oxidizing atisph.ere. TkeJoil was yrobably
ch+ed by oxi&.ti~n but no study of corrosive action was rcadQ. ~.?
the case of lubricattonby graphite, the developaont of generator
brushes to operato at high altitudes resulted in tinedi~covery that
the entire lubricating acticn @f graphite arises from moisture
adsorbed on the ~apkite particles (reference 18). Without an
adsorbed fib of waterj =aPhftic cabon acts as an abrasive. Ther3e
results indicate certainly that a“irand mcisture are impoi’’tsntaids
to lubrication, but practical =nr:>ertencewith highly loa3ed bearing
surfaces definitely &Ls shown a nee~ for additives to supplement the
oxygen normall~ cari-iedin an oil.

The previous in~estigations discussed have shown that boundary
lubrication undcm etirene conditions involves chemical reaction among
bearing surfaces, surround’hg atmosphere, and lubricant. For a more
com@ete understanding of the reactions betweea bearings @ lubricants



identification‘ofthe products formed and reaction-rate studies
are necessary. Specimens obtained fron a %earing test machine
reproduci= actual qerathg conditions are generally buitable
for such studies hecaase of lack of cmtrol of many variables during
tke tests. Nonuniform conditions of temperature, pressure, and
surface structure exist during o~eration of a beazring. Several
i“eactionsare competing to form surface films. The nature of the
lubrlcant an~ the surrounding atmosphere is variable. .A machine
allowing operation of %earing surfaces under controlled conditions
of temperature, :ressure, lubricant, surface material and finish,
and .surrouriliD~atmosphere would give important information m
friction and ~ie~a and would provide information of fundamental
‘~alue. Chemical analyses of oil used in a machine of this kind
for dieuolved metals, oxiciationproducts, or other cha.qgesme
needed. Surface examination of the used bearir.s f’orphysical
clm.ngesand products of chemical reactions ie also required.

The scope of the present investigation of additive action has
been limited by el.lminatingae ~er es possible the variables of a
bearing test in order to produce a single chemical reaction on a
uniform surface at a Irmwn temperature. This eltminati.cnof
variables was accom@ishedt by carrying o’zttl& reaction between
Em.?faceand test compound in a glass tube sealed under vacuum.
glectron diffraction, which provides one cf the best methods Of
studying surface c3enical fiims, was used for the identification ~f
the products formed during these tests. The reactmts chosen for
the experiments were steel of a t~e used in airc~aft cyllnder
barrels and compounds cGn’Alning reactive groups and ihkages
commonly found In extreme boandaq-lubricsnt additives. The investi-
gation was cojjducte~at the I~CA Cievelafi laboratwy during 1944
and 1945.

MIMZRL!LS, A2PARATT@,AN!)PROCEDUW

The additive-type compounds tested wore:

Aliphatic linkage Reactive grcup h“omatic linkage

Steo,ricacid G%rboxyl Benzoic acid
Tetrachlorethane Chloyide CWorobenzerm
IMdecyl sulfide Sulfide Phenyl sulfide
~-Butylemine Amino Aniline

The test surfaces were of SAE 4140 steel meta>l~graphicall.ypolished
with aluminum oxide on hr~adclotli. Tho comp9Lmds were tested at

●
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temperatures i%orti400° to 65!)01’,which are Ln the r~e att.ai~od
by alrcrafft-enginecylinders during operatian, although prabably
bwer then the teqerature at the sliding suzzfaces. Tke specimms
were examined bafare and after expel’imentsby reflection electron
d~ff~.action.

A series of explorat~y tests in this investigation revealed
that a vacu~~ of less than i micron of ueucury was required to
remove oxygen fro~ the rea&ents and evacuating system to such an
e:ctentthat i~on-oxide patterm k’ereno longer prominent. The
proccdwe used to attain this vaowa condition was evacuattan of a
tube contahir~ steel and reagent by an oil diffusion punp sealed
ttitiletube. When the press’urezwwured by a ii~ermccoq?le@ge was
below 1 micron, or ‘2n%Le case of v~latile ccmpcxnds, when abaut
one-half M tiiereagent had been pumped fvom ths system, the glass
tube containin& reaSent and spec’hen was sealed under vacuun. Tliese
sealed tubas were heated in bombs at the readi~n temperature for 3
t~ 4 hours. J$ter coolirq, the tubes were opened and the steel
specimea was washed in benzene and trans~erred w5tn as iittle delay
as possible to tinediffraction.c.mera.

The electron-diffraction camera used waa the standard adaptor
for the type ZMB-4 RCA electrcm microscope. The pattens obtaine~
were identified by corpartson wltk tke A.S.T.M. card file of X-ray
diffraction pattezm.s. The over-ail precision of the method used
for pattern mes,su-enentwas 3 pe~cent m better. With the use of
estimated intensities, thie precision permit3 al~st positive
identification of tilesurface films found.

RESULTS AN3 DIEXXJSSICN

Because the cmnpourxischosen ~or study contain the chemical
~OUpS tj_pi.calcf tbse used “M.iubricant additives ~n the e~ureme
bmndary-lubrtcatton region, tke follcwtng discussion is tiie~efore
l“imitedto consideration of tilelubr~catic.nprocess mly un~er
ei%r=e boundazzycGndittons. The rssults azzes~izeii in table I
and diffraction patte+rnst;~ical of those fr~ wMch the data of”
this table were oktained are shcwn in figure 1.

Figure l(a) shuws a diffraction pattern frcm a surface bef~re
Iiast. The no%ew~rthy features of VnZs pattern azzefa+~t Lines of
the a-l?’epattern, broad ~-~qesat t;leyositfcms USUdlY associ~td

tith polished su@aces, and a great deal vf 3ec@rmnd haze caused
by specu2ar reflection of electrons. These :ee,tures‘indicatean
undulatory roughness anG s~ne ecratckes and ptts rewining on the
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polished,specimens; these conclusionswere confirmed Iy micrGecopic
examination of the j?~lishedsurfaces.

The results of these mqeriments are in excellent agreement
wtth ths known facts about the groups and linkages tested. Benzoic
acid is a strunger acid than stemic a~id. After heirg heated fur
3 to 4 hours at a temperature d 400° F in a sealed tube with stearic
acid, a polished steel specimen.had etched to a matte gray. The
electr~r.-diffractimpattern from the specimen proved to be a mixture
0? the patterns of a-pe and u-Fe2C3. Benzoic acid at 4CCJ0Y etcksd
the suri’acemare deepl~ and gave only the pattern of @Fe. The
corrosive action of benzoic acid was intensified at 500° F. T%e
occurrence cf a-Fe203 in the reaction w~th stearic acid c~Uld be
due to dissolved air in the acid inaamuch as the reaction tube
containing the specimen and acid was evacuated at room temparatnve.
Tmn stcmrate or benzoate, which might have formed on the steel
surfaces, wGLiidhave been removed along wl.ththe unreacted acids
when Vne spec”mens were waohed ti.thbenzene.

The chlorine-containingconpounds, tetrachloretme and cUoro-
benzone, were used at temperatures of 400°, 500°, and 650° l?. The
compounds found on the steel speciaens wsro FeOCl and Z’eC13 in

the case o? to’.machlorethane,and Fe3J4, in the case of chloro-
lmxmne. The FeZ04 was taken as an indication of resilual moisturo

in the chlorobenzono used. FsGC1 results fzzomhydrolysis of
l’eC13 durin~ transfer of the specinen from the reaction tube to the
diffraction cameua, When the speciinonswere briofl;~exposed to ah,
FoC13 lines Jisappoarod from Vae pattern obtained and .P-I?QOOH

lines appoarod as tho hydrolysis prqqassod. The failtu”oof cfioro-
l)enzeneto fcn’ma chloride with iron is to be eqcctQd as typical
of the low reactivity of halogen in an aromatic Ii-nlkage,wf.ereas
the foraation of FoC13 by tetrachlc%ethane ShGTTS the higlhreactivity

of the allyhatic chloride linkages,

Dodecyl and yhenyl sulfides ~-ereused for the %S%S & the

sulfide grollp, After heating at 500° F, dodecyl sulfise Gave a
specimen coa,ted~nltha black material that ~a~rethe diffraction
pattern of FeS. I’he.nylsulfide, GII the other ?md, reacted at 55Go F
to form ~~rincipally FeG2, althmgh iines tentatively identii’iedas
arising from a form of Z’eS also appeared in the diffractica pattern.
Theory would ~redict a lesser reactivity for yhenyl sulfide than
dodecyl sulfide tecause of the greater lend stre@h between carbon
and.EwlfLu’in an aromatic linlcagethan in an aliphatic bond.
Fcmmati.onof TeS2 would require amme reectivo sulfur than
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famtim of FeS. A possible oxplanatim is that the phe.nyl
sulfide used contained poiysul~ides as i@mr3ties. Tke only other
means 3y which phenyl sulfide could react with steel would be
through forr2ationof btphenyl.

The amine-~o~p compauMs tested were ~-butylamine and aniline.
At tenperakures of 400°, 500°, and 650G F, ~-butylmine gave em
~~identifiable cmpound ati Fet304 on the specimen ~U&&CO. Aniline

was run only at 450° ~~} at which taperature a nixt~e of y-3’e203
and a-Fe203 forned on tliesurface. The presence of oxides on steel

after heating in tius is stiewhaiiunexpected as amtno compounds are
added to oils as entiaxidants. No l’eact.imbetween tines and steel
was expected, but the ~e&~cing action of the amines wauld have been
eqected ix prevent the oxidation of the steel s~ecimens. Theoreti-
cally, ~-butylan3ne would be a bettex re5ucing aGent then afiline
because of the stebil.izationof the amino group of aniline by its
bond to an &-Omat~C ?2ZC].WS.

The formation of ~-Fe203 is characteristic of the low-pressure

and low-teqeratum oxidation o: steel by air (reference L9); rx-Fe203

is formed frcm y-F’e203 by transformation at approximately 650° F
under nozmal cotiit:ons. The presence of y-Fe203 after heating in

anilin-esu~ests that the aniline used contained dissolved air. Tfie
formation of Fe3CJ4 hy heating steel in ~-butylanine mi@t be due to
residual m~isture in the amine inasmuch as prolonged drying of ~-butyl-
=ine omr potassfua lqikoxide decreased the intensity of the Fe304
pattm’n.

Because y-Fo203 W ~~304 are isauorphous, the diffrac’tiion

patterns wei”edif=i’erentiatedon the basis of tilesharpness of.tke
diffraction rinGs in accordance with the statement of refei’ence15
that diffu~e diffraction patterns are typical of y-Fe203. (hmparison

of diffraction ;mt’~ernsGb%ained fmm surfaces heated in aniline and
~-butyhunine (figs. l(d) and i(e)) exeqlifias this difference in
s].~pness. E.~,osurgto air during transfer from reaction tube to
camera may contribute to the oxide patterns found.

The action of oxygen as an aid to lubrication has teen investi-
gated and discussed in references 16 and 17. The fact that the
presence of ccq-genled to the formation of imn oxides in preference
to the ~eaetionbetwoen the additive-type compound and steel, as shown
by the obscuri~ of the reaction-product dff’fractionpattern, indicates
that under ordinary conditions om;gen carried in a lubricant can be
an important aid to lubrication. The diffraction patterns obtained
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in reference 15 supported the conclusion that in etireme boundary
lubricaticm the effect of oils was limited to their action as oxygen
carriers or to poseible interactionwith tkleaddition agents. This
conclusion neglects the consideration that neither the experiments
of reference 15 nor the eqerimsnts reported herein extended to
rOaC%iOn conditions where the rate of reaction between additive ad
steel is much ~eater than the rate of oxidation of steel.. The
additives probably become important when oxygen “isno longer
available at the lubricated surface, as is shown by the present

results, although bearing-test samples suitable for diffraction
e~iZM%iOn CZZmot %e obtained from tests ~~er conditi~~ where the
action of oxygen has been eliminated. Removal of o~~genby reducing
agents, such as amines adtiedto oils, may be somewhat ham~ul inas-
much as oxygen actually serves as an aid to luhrioatim. Ordinarily
this effect is neutralized by usi~ a second reactive additive to
counterbalancethe loss of o=d’geli~ The most important property of
an additive is undoubtedly the nature EUX3eastiof f’omtion of the
product of reactfon between surface and additive. lhfortwtely no
direct correlation of the results of this investigationwith friction
and wear measurements is available.

H’ the reactivity between additive and steel is ass’umedto be
the reason for friction and weazzreduction by oil additives, heat-
resistant and corrosion-resistantsteels, such as the SAN 4140 steel
used in these experiments, require more active lubricant additives
than cast-iron or low-alloy steels to insure the same degree of
lubrication. Further investigation is needed to establish this
theory, but the assumption on the basis of the results of this investi-
gation and the work di~cussed earlier in this paper seems reasonable.

Inasmuch as any compounds of iron except certain intermetallic
compounds are of lower shear strength than metallic iron, the observed
formation of nonmetallic surface films by reaction of additive-type
compounds with steel is in agreement with the theory that additives
aid lubrication 3y the formation of easily sheared contaminating
layers on bare metal surfaces. Such layers enable bearing surfaces
to slide over one another without seizure in the momentary absence
of an oil film.

Correlation of the resulte of this investigationwith the
process occurring in a bearing is limited because only a few of the
operating variables were reproduced. The additive-type compounds
used were of technical purity, because compounds of this purity
were available and actual additives used in compounding lubricants
would also bo of technical grade. Impurities such as dissolved air
and moisture, which may be present in technical-grade reaeents, tend

c
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to mask the reactivity of the t~e compound in which they OCCUV. In
a dynamic system such as a journal rotating in a bearing at high
tempe~atuzzeand load, reaction products from.the impwitiea would
be remmed from tilesurface until tileamount of reaction product
fomed becsxe negligible, unless the +mpurity were renewed from an
external souzzce% The reactivity of metal surfaces when freshly
fozmed, as in the case of abrasion due to running, is knuwn to be
greater than that 01 surfaces eqosed to air emd materials ccmmonly
present in air, such as water and oil vapors. Swfaces prepared,
as in this investigation,by mechanical polishing are lmown to be of
less activity than ~cugher machined smfaces.

The e~er+iments of this investigation haTe been Itiited to
chemical reacticns between a few t~es of organic campound and steel.
No precise correlation with reduction in friction, rate of wear, and
load-cerry+ingcayecity kas been att=aj?tedat this prelimimry stage.
By analogy, however, acme ‘h~erences as to the i“elatfonbetween
chemical reacticn and other lulmicam.tproperties axe Justitiiedand
accordingly have been discussed.

CONCHJDIIGREMAFKS

The chemical reactions between lubricant-additive-twe compounds
and steel were investigated by electron-diffraction exsnination of
specimens heated in sealed tubes with the corrosive reagents. The
following conclusions may be drawn frcm these experiments;

1. Caqounds of the-type used in lubricant additives reacted
with steel surfaces at temperatures fron 400° to 650° F to give
identifiable products.

2. Additive reactivities with steel were in general agreement
with predictions based on lmo~dodgo of the chemical reactivity of
the groups and linkages tested.

3. lhder W.e conditions used in tiieseeqeriments, oxygon and
water dissolved in the reagents tended to corrode steel more readily
than the reactive group. Wbenpresentj the oxide patterns obscued
the diffraction patterns formed by other corrasion products.

a

.
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4. The observed compound formation supports the theory or
boundai”y-lubricantadditive acticn, which states that addit?.ves
form compounds of low shear sti-engthat bearing surfaces and prevent
seizure and wear when no fluid fihn is present.

c
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TABLE I - PROIXJCTSCE’CORROSIW3 ACTION OF

COMPOIEllEON S&3 4140

Lu6FmAm-ADmTrm-TmE

STEEL

Stearic acid

N-Butylamizne

Petrachlorethane

Dodecyl sulfide

QQ a-~e ~Etching
a-Fe205 Dissolved air

4!)0,500, 650 Fe304
T3nident3fzeG

400, 503,.650 FeC13
FeGCl

500 ~es

Aronatic Li&age

Benzoic acid

Aniline

2hlorcbenzene

Phenyl sulfide

Dissolved water
product ----------

Direct reaotion
Eydrelxsts of FeC13

Direct reaction

400, 5C0

450

400, 500, 650

550

a-Fe

7.Fe~03, ct.-I’e#23

Fe304

FeS2, FeS

Dissolved air

Direct reaction
with impurities



NACA TN NO. 1207 Fig. la, b,c

.

d

●

(a) Polished specimen
before test. a-Fe;
polish rings.

NACA
C.151OO
6.11-46

(b] Reactant, stearic
acid; temperature,
400° F; compound
formed, U-Fe203.

(c ) Reactant, benzoic
acid; temperature,
400° F; compound “
formed, (X-Fe.

Figure [. - Electron-diffract ion patterns from sAE 4140 Stee\

surfaces before and after heating with lubricant-additive- .
type compounds.
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(d) Reactant, n- buty la-

mine; temperature,
400° F; compound
formed, Fe304.

ethane; temperature,

650° F; compound
formed, Fe C13; Fe OC1.

.-
-=

NACA
c- 15099
6-11-46

sulfide ;-temperature ,

500° F; compound
formed, FeS.

. .

(e] Reactant, aniline;
temperature, 450° F;
compound formed,
a-Fe203; ~-Fe203.

(g) Reactant, chloroben-
zene; temperature,

650° F; compound
formed, Fe304.

I

Figure 1. - Concluded. Electron-diffraction patterns from

SAE 4140 steel surfaces before and after heating with lu-

bricant-add !tive-type compounds.


